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Abstract
Zinc sulphide dopedwith nickel (Ni:ZnS)hasmany applications in different fields likematerials
science, electronics, optics, and other industrial applications. Experimentally, a large variety of
methods have been developed forNi:ZnS synthesizing, where the chemical synthesis with capping
agent ismost successful, but has disadvantages like purity and the lowperformance. In addition, since
there is not alsomuch theoretical information about its features, the electronic and optical response of
Ni:ZnSwere studied, both experimentally by x-ray diffractometry (XRD), transmission electron
microscopy (HR-TEM), and x-ray photoelectron spectroscopy (XPS) and theoretically bymeans of
the density functional theory (DFT) calculations, giving an unified understanding of the electrooptical
performance of this compound. In the sameway, the importance of the inclusion ofNi impurities in
the structure was studied and analyzed by the inclusion of aHubbard potential in the calculations.We
found that the optimalU value forNi atoms is 4 eV in agreement with experimental results obtained
byXPS. The dielectric function (ε2) for pure and doped systems showed that the influence of theNi
atom ismainly given in the range of low energy regions (E<6 eV), where the newpeaks are associated
to transitions that include the impurity band states.
1. Introduction
ZnS is a II–VI intrinsic semiconductor with excellent chemical and physical properties likewide band-gap
energy of 3.7 eV at room temperature, high optical transmittances in the visible region, large Bohr exciton radius
(2.5 nm) and large exciton binding energy (40meV) [1, 2]. Due to its versatility the ZnS has become a promising
material formany areas of research including light emitting diode (LED), solar cell, active sensor as well as
wastewater treatment, electro-luminescent displays, antireflection coating for infrared devices and other
nonlinear optical devices among others [3–5]. The structural properties of ZnS are easily to be tailored bymeans
of reducing their dimensions or generating chemicalmodifications. The ZnS can be designed in several
dimensions, ranging from3D, 2D, 1D structures to 0D structure of quantumdots, where the drastic reduction in
thematerial size change their band structure (the band gap increases as the particle size decreases, with this edge
of band splits and create discrete energy levels) [6, 7]. On the other hand, the doping of ZnS, has been extensively
performed in the last decades determining that the impurity plays a very important role in the efficiency and
position of the emission bands [8]. Luminescent properties of ZnS can be controlled using various dopants such
asNi, Fe,Mn, Cu etc [9]. Bera et al [10]prepared pure ZnS andMn-dopedZnS using hydrothermal synthesis. In
their work, the photoluminescence (PL) spectra shows a strong peak fromdoped ZnS since it contains an
effectiveMn luminescence center [10]. Furthermore, Kumar and co-workers reported that the
photoluminescence emission decreases with increase inNi concentration for theNi-doped ZnS quantumdots
—prepared by chemical precipitationmethod—[1]. Other properties, such as electroluminescence (EL) and
cathode luminescence (CL) are found to be of great interest. So far, pristine ZnS properties have been extensively
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especially those dopedwith 3d elements, have been less investigated (works that include theHubbardCoefficient
corrections for the strongly correlated states). In this workwe included both, the experimental and the
theoretical study of the electronic and optical properties of Zinc sulphide dopedwithNickel, including also the
photoemission spectra ofNi:ZnS. In this way, we obtained the optical excitations at different wavelengthswhich
are useful to identify the role of the dopant agents in the properties of the dopedmaterial, in comparisonwith the
pure system. Consequently with this, we obtained bymeans of theDFT calculations the electronic, optical and
magnetic properties, like band gap and absorption coefficient of a ZnS system zincblende type including a
dopant factor of 3.2%Ni, substitutional of Zn, adopting the experimental value for the cell parameter. In the
theoretical calculationwe obtained the optimizedU value forNi atoms by the inclusion of theHubbard
potential.
2. Experimental setup
Ni-doped ZnS nanoparticles were synthesized bywet benchmethod using zinc acetate (Zn(CH3COO)2),
sodium sulphide (Na2S), and the dopingmetal ionwas obtained fromnickel chloride (NiCl2). The product was
washedwith ethanol andwater, dried overnight at 60°C, and stored in desiccators until subjected to further
studies. The synthesis in this workwas carried outwithout any capping reagent (chemical synthesis with capping
agent that has a disadvantage like purity and yield), andwith less sulphur concentration that conventional
techniques. Zinc acetate, sodium sulphide and nickel chloridewere procured and used for experiment without
any further purification. Stock solutions of zinc acetate (0.1 M) and nickel chloride (0.01 M)were prepared
previously and stored in airtight dark bottles that were used for synthesis. Sodium sulphide (0.01M) solution
was prepared freshly just before experiment, to avoid the loss of sulphide ion as hydrogen sulphide gas. During
synthesis, 5 ml of zinc acetate solutionwas taken in a beaker and stirred for 10min 3 ml of nickel chloridewas
added and continued stirring for 15min for thoroughmixing and distribution of ions. Sodium sulphide solution
was added dropwise (0.2 ml permin) to themetal ionmixture with constant stirring. Sulphide ions forms seed
crystals with excessive zinc ions and as reaction continues overnight. Before addition of sodium sulphide,
mixturewas transparent and in addition the reactionmixture turnsmilkywhite, finally grey precipitate is
obtained. Precipitate waswashedwithwater and alcohol to remove the organic and inorganic impurities. The
pureNano particles were dried at 600C in an oven and stored in an airtight desiccator. The total yield of the
reactionwas 70%. Experimentally, the doping concentration ofNiwas 3%. Further details can be found in [7]).
The structural characterization and phase identification are carried out by: x-ray diffractometry (XRD), high
resolution transmission electronmicroscopy (HR-TEM), and x-ray photoelectron spectroscopy (XPS)
techniques. For XRD analysis, a RigakuMiniflux II x-ray diffractometer withCu-Kα sourcewas used (operating
at 30 mAand 40 KV), theHR-TEM images were obtained using JOEL JEM200with high-resolution detectors
(images recorded from50 to 2 nm scale), and theXPS analysis was carried out using the AxisUltra 165
instrument withAl-Kα as the x-ray sourcewith energy up to 1486 eV.
3. Theoreticalmethodology
The results were obtainedwithin theDensity Functional Theory (DFT) formalism, using theGGA
approximation scheme for the exchange and correlation potential given by Perdew, Burke and Ernzerhof (PBE)
[14] and the projector augmentedwave (PAW), as implemented in the ABINIT package [15].It is well known
thatGGAmethod presents some limitationswhen applied to strongly correlated systems (like the 3d state from
Zn, and 3d ofNi), and it is necessary to implement somemethod of correction of on-site Coulomb repulsion.
Therefore, we employed theHubbard effectiveU (Ueff). From the literature, it is known that for 3d Zn states the
value of 8.0 eV is widely accepted in the ZnS system [16, 17], while for 3d-Ni states there is not an agreement
about the correct value, sowe performed an optimization study around different values between 0 and 8 eV for
this potential. In both systems (pure andNi-doped), the considered structure was a supercell that included 64
atoms (8 unit cells). For theNi-doped ZnS system, we used the configuration shown infigure 1, where 31 Zn
atoms, 32 S atoms and 1Ni atom are representedwhich produced a doping concentration of 3.125%, consistent
with experimental doping concentration. The used lattice parameter was experimentally obtained (5.364Å, see
section 4.1). All the calculations included spin polarizationwithout spin orbit coupling [17].
2
Mater. Res. Express 7 (2020) 016303 S Rodríguez et al
4. Results and discussion
4.1.Morphological and structural characterization ofNi-dopedZnS nanoparticles
The crystallinity and crystal size ofNi-doped ZnS nanoparticles were determined on the basis of x-ray line
broadening and calculated byDebye–Scherrer formula [18]. XRDpattern is shown infigure 2(a), the observed
diffraction peaks correspond to (111), (220), (311) lattice planes, and arewellmatchedwith the standard of cubic
ZnS (ICSD#60378). The estimated average size of the crystallites and lattice parameter (lattice spacing) indicate
8nmand 5.364Å, respectively. HR-TEManalysis was carried out forNi-doped ZnS nanoparticles by dispersing
inmethanol and spreading it on carbon coated copper grid. Nanoparticles were analyzed at various
magnifications, and a selected image is shown infigure 2(b). As can be seen, the nanoparticles are irregular
shape, because no capping agents were used during synthesis). An analysis of the particle size distribution
determined an average diameter of 8±1 nm, in total agreement with the observed byXRD.Nanoparticle with
less than 100 nm is considered as quantumdot and the Bohr’s radius is 2.5 nm.
4.2. Electronic characterization
TheDFTplus theHubbardU correction approach (DFT+U) depends crucially on the choice of the local
Coulomb interaction parameters, that are often chosen empirically. Nevertheless, no consensus has been
reached about the optimal parameter inNi-doped ZnS system [19–21]. Thus, we develop a study to determine
which is the best value to theUeff termofNi atoms, while for Zn atoms, we used thewidely accepted value of
Figure 1. (a)The zinc-blende ZnS supercell (2×2×2) employed to define themodel of pure ZnS andNi-doped ZnS structure. The
position of Zn substituted byNi is denoted by 1. Continuous lines indicate the corresponding unit cell. (b)Band Structure ofNi:ZnS
with 3%dopant, where the black lines refer to spin up, and red lines to spin up.
Figure 2. (a)XRDpattern ofNi-doped ZnS nanoparticles, the indicated diffraction peaks correspond to lattice planes and are in
agreement with the PCPDF# chart of cubic ZnS. (b) SelectedHR-TEM image of the synthesizedNi-doped ZnS nanoparticles.
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8 eV[18]. Figure 3(a) shows the spin-polarized density of states (DOS) for theNi:ZnS system, calculated using
differentUeff values onNi 3d states. As seen in theDOS plots, the cation substitutionalNi-doping induces
impurity bands in the band gap, which are strongly dependent on theUeff-Ni used for the calculations. An
increase ofUeff-Ni produces a greater splitting of the impurity band, represented on a shift of approximately
0.40 eVof the impurity band betweenUeff-Ni from0 to 6 eV.
Also, infigure 3(b) it is shown themagneticmoment dependence ofNi (blue line), and totalmagnetic
moment per supercell (red line) as a function ofUeff value used for theU correction. In the formation of the total
magneticmoment contributemainly theNi dopant and its nearest neighboring S atoms, which are
ferromagnetically coupled to each other.
Since the effective potential Ueff is a semiempirical value, to determine its optimal value, it is necessary to
compare the calculated values of some physical properties with their correspondingmeasured results. For this,
the optical properties for differentUeff-Ni valueswere calculated, and comparedwith the corresponding
experimental results. The experimental band gap reportedwas 3.85 eV, while the calculated valuewas 2.95 eV,
therefore, in the calculation of optical properties, the correctionwas considered by the so called scisor operator
of 0.90 eV. In order to obtain the optimal valueUeff-Ni, we compared the theoretical DOSwith experimental
results obtained byXPS on the energy region between−5 to 0 eV, energy range forwhich the d-Ni orbitals have
the greatest contribution to the XPS spectrum. Thus, infigure 4(a)wepresented thefitting of the total DOS for
eachUeff value compared to the XPS obtained for the same energy range (the total DOS is the sumof the density
of states spin up and spin down). It can be seen that theDOS curve ofUeff=4 eV (green dotted line) is the
nearest to experimental curve (black dotted line). Therefore, and for the rest of the calculations, we used the
value ofUeff=4 eV forNi atoms on theHubbard correction, and to equilibrate a structure to its lowest energy
configuration, the atomic positions of theNi, and their first and second neighbors, were allowed to relax until
the residual forces on the atomswere less than 5×10−3Ha/Bohr. Figure 4(b) is the XPS obtained for a wide
energy range.
The band structure ofNi:ZnSwith 3%dopant has been calculated and shown infigure 5, where the zero
point (blue dashed line) denotes the Fermi level (EF), so the negative and positive values indicate the valence
band (VB) and conduction band (CB), respectively. The band gap reportedwas 2.95 eV. TheNi dopant have
effects on band structure where the impurity level is above the EF (0.87 eV).
To investigate the stability of doped ZnS, the defect formation energy (EForm)was calculated according to the
following expression [22–24]:
m m= - - - ( )E E E 1Form doped pure host X
where Edoped and Epure are the total energy of the ZnS supercell with andwithout theNi dopants, whileμX and
μhost are respectively the chemical potentials of the substitutional atomNi and of the substituted Zn host atom.
The chemical potentials depend on the growth conditions and the source of atoms involved in the process
(variations between S-rich andZn-rich growth condition). Using the samemethod as [22, 23], we assumeμZn
andμS in thermal equilibriumwith ZnS (EZnS=μZn+μS), andwe also consider formation energy of ZnS itself
(EForm [ZnS]=μZnS−μZn
0 −μS
0). The chemical potential of theNi dopantwas calculatedwith respect to bulk-
FCC structure. Thus, under Zn-rich condition (μZn=μZn
0 ),the formation energy forNi-doped ZnS obtained
was 3.951 eV, while under S-rich condition (μZn=EForm [ZnS]+μZn
0 ), the corresponding formation energy
Figure 3. (a) Spin-resolved TotalDOS ofNi:ZnS for different values ofUeff-Ni. (b)Magneticmoment ofNi (circle), and total
magneticmoment (diamond) as a function ofUeff-Ni.
4
Mater. Res. Express 7 (2020) 016303 S Rodríguez et al
was−13.324 eV. The latter indicates that under S-rich growth condition (or Zn-poor condition), substitutional
dopingwill occur easily in ZnS (or even form spontaneously), which is reasonable due to the presence of Zn
vacancies in ZnS grownunder these conditions.
Figure 6(a) shows the total DOS (TDOS) of pure andNi-doped ZnS systems. In the case of the pure system,
we performed the calculations using a supercell of dimensions equal to the one of to the doped system (64
atoms), andwith the same lattice parameter (experimental data of theNi:ZnS sample). This allows to distinguish
between effects specific to doping,maintaining the same residual stress in the system. As can be seen, the
presence of theNi atom induces an impurity band above the Fermi level at 0.87 eV for spin downDOS. Since the
presence of these states on the band gap region can be recombination centers or trapps, the probable transitions
due to the presence of the doping atoms are also indicated in the figure, 0.87 eV, 2.31 eV, and 2.84 eV. In the
inset of thefigure 6(a), we presented the threemain structures formed in thewhole valence band region; a peak at
−13.4 eV originating from the s-S orbitals, a sharp peak at−9.0 eVderiving from the d-Zn orbitals, and another
broad structure from about−5.5 eVup to the Fermi energy,mainly due to the p-S orbitals, but containing also
some contribution fromp-Zn, s-Zn and d-Ni orbitals.
In order to identify the orbitals that contribute to the impurity band in theNi-doped ZnS, we calculate the
partial densities of states (pDOS) ofNi and their nearest neighbors.We showed this infigure 6(b), deploying the
pDOSofNi, S, andZn atoms.While in the impurity band, themain intervening orbitals are d-Ni (figure 6(b)-
Figure 4. (a)Theoretical and experimental comparison between the total DOS and spectrumXPS for the energy between 0 eV and
5 eV.We display the fitting of the total DOS for eachU value. (b)Wide survey spectrumofNi:ZnSwith XPS. The inset shows a zoom
(in logarithmic scale) into the energies of interest for the estimation of the effectiveU.
Figure 5.Band Structure ofNi:ZnSwith 3%dopant, where the black lines refer to spin up, and red lines to spin up.
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top) and p-S (figure 6(b)-middle), and the contribution of Zn states is negligible on the band gap zone,
(figure 6(b)-bottom). Our results are in total agreement with experimental data presented by Saikia et al [25]who
reported thatNi-doped ZnS have a high sp-d hybridization between orbitals sp form the valence band edge of
ZnS and d orbitals fromNi2+ ions. Xiao et al [26]developed aDFT study and found that ZnS crystals have a
weak ferromagnetic behavior, while from experimental results Saikia et al found that the presence ofNi2+
produces a ferromagnetic behavior at room temperature.
Infigure 7, we displayed the spin density of theNi:ZnS system.With the aim to analyze the effect ofNi atom
in the charge density of its nearest neighbors, we calculated spin-polarization density difference (localmagnetic
moment) for six planes: L3, L2, L1, L0, L−1, L−2 (see figure 7). The L0 plane is localized across theNi atom, L1 and
L−1 are planes between the atoms of S andZn(Ni), L2 and L−2 are planes containing the S atoms, and L3 plane
across to the Zn atoms. As seen infigure 7, the localmagneticmoment is strongly localized inNi-dopant atom
(∼80%of the totalmagneticmoment, seefigure 3(b)), and this induces a polarization of its nearest neighbors.
The L1 and L−1 planes exhibit the spin distribution due to the hybridization between theNi atomand itsfirst
neighbors (S atoms), while the L2/L−2 and L3 planes present the spin distribution induced in S andZn atoms,
respectively. The ¢L0 and ¢-L 1planes in the (111) surface show that the spin distribution ismainly due to the
hybridization between theNi atom and the S atoms.
4.3.Optical properties
The optical properties were calculated using the energy values of 4 eV and 0.9 eV for theHubbard correction and
the scissor operator, respectively. Figure 8(a) shows the results of the imaginary part of the dielectric function
(ε2) as a function of energy before and after dopingwithNi (to isolate the contribution of stress and doping
defects). This allows us to distinguish between effects of the doping element and those that produce the defect
the lattice structure. As shown in figure 8(a), the influence ofNi atom ismainly given at low energy regions
(E<6 eV). It can be seen that there are twomain peaks in the imaginary part of the dielectric function in theNi-
dopedZnS system, the energies of peaks are 0.97 eV and 2.22 eV, respectively. According to the density of states
shows infigure 6(a), the peak located at 0.97 eV ismainly caused by the transition between p-S orbital in the
highest valence band and impurity band states (d-Ni and p-S states). The peak located at 2.22 eV ismainly
derived from transition from impurity band states to conduction band. It can also be observed that the
difference of the ε2 between pure and doped ZnS liesmainly on the intensity and location of the peaks.
Compared to the pure ZnS, in theNi-doped ZnS system the increasing in the peaks intensity is attributed to the
increasing of the local carriers concentrationwhich increases the transition probability. From this dielectric
function, by applying theKramers andKronig relationships, it was possible to determine the remaining optical
properties, the absorption coefficient, the refractive index, and the extinction coefficient.
The refractive index of the pure and doped systems in the energy range of 0–20 eV are shown infigure 8(b). It
can be seen that the peak value of the refractive index increases and themain peaksmove to the high energy after
doping. For theNi:ZnS system, the low energy range (<7 eV) is characterized by large refractive index and the
8 eV–20 eV range is characterized by small refractive index.
Infigure 9 are represented the absorption coefficient and the extinction coefficient calculated for pure and
Ni-doped ZnS comparedwith experimental results. For the latter, the experimental values were normalized to
their value at 200 nm. Fromfigure 9(Left), at short wavelengths, the absorption coefficient forNi:ZnS system
Figure 6. (a) Spin-resolved TDOS for pure ZnS comparedwithNi-doped ZnS system. (b) Spin-resolved partial DOS ofNi (top), S
atom (middle) , and Zn atom (bottom).
6
Mater. Res. Express 7 (2020) 016303 S Rodríguez et al
presents threemarked regions of strong absorption between 6.2 eV(200 nm ) and∼3.9 eV (320 nm), showing a
splitting in absorption peak around 4.13 eV (300 nm), in good agreementwith experimental results (weused the
Tauc plot representation). Theoretically the dopant affect the absorption spectrum in the low and high energy
range.
Figure 7. Spin density of theNi:ZnS system (a) (001) surface and (b) (111) surface. (a) Spin-polarization density difference (local
magneticmoment) for six planes: L3, L2, L1, L0, L−1, L−2. The L0 plane is localized across theNi atom, L1 and L−1 are planes between
the atoms of S andZn(Ni), L2 and L−2 are planes containing the S atoms, and L3 plane across to the Zn atoms. (b) Spin-polarization
density difference for two planes: ¢L0 and ¢-L 1. ¢L0 plane is localized across theNi atom and show the spin density ofNi-Zn bonding;
¢-L 1 plane containing the S atoms.
Figure 8. (a) Imaginary part of dielectric function forNi:ZnS systembetween 0 and 20 eV. (Inset)Zoombetween 0 and 4 eV to show
the values of principal peaks. (b)Calculated refractive index forNi:ZnS between 0 and 20 eV.
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On the other hand, form the experimental workwe report photoluminescencemeasurements fromoptical
excitationwith 254 nm (4.88 eV),finding an emission at 430 nm (2.88 eV), which is typical in ZnS crystal.
Furthermore, an emission at 412 nm (3.01 eV) that is associatedwith dopingNi, and at 453 nm (∼2.74 eV),
which is associatedwith recombination sites. In previous reportedworks, Saikia et al showed the absorption
coefficient for different rates ofNi doped and found different peaks at 305 nm, 309 nmand 315 nm for 1%, 3%
and 5%of dopant respectively, they found a red shiftedwith the increase of dopant concentration and said that
this could be due to the strong sp-d interaction between ZnSBand electrons and dNi orbitals.
5. Conclusion
Wepresented a theoretical and experimental study of the electronic and optical properties of the Zinc sulphide
dopedwith nickel. Our results indicate that the presence ofNi atommake necessary the use of theHubbard
correction to include the effect of d states, for this, for the experimental and theoretical comparison, we show
that the value ofU that are close to experimental XPS is 4 eV. Besides, considering the dependence of the
magneticmoment of the system shown onfigure 3(inset), we consider that aUeff-Ni close to 4.0 eV reproduces
themagneticmoment of the atomicNi in an accurate form.On the other hand, we obtain thatNi atoms
contribute to a: (i) splitting of bands on the band gap energy region—orbitals 3d-Ni—, and, (ii) the change of
the density of states to both up and down spin states in the valence band. The spin density of theNi:ZnS system
show that the localmagneticmoment is strongly localized inNi-dopant atom and this induces a polarization of
its nearest neighbors. A comparison between dielectric function (ε2) for systemwith andwithout dopant showed
the influence ofNi atom ismainly given at low energy regions (E<6 eV). In photoluminescencemeasurements
fromoptical excitationwith 4.88 eV (254 nm), we reported an emission at 2.88 eV (430 nm), which is typical in
ZnS crystal. Furthermore, an emission at 3.01 eV (412 nm) that is associatedwith dopingNi, and at∼2.74 eV
(453 nm), which is associatedwith recombination sites. These results show that inclusion of impurities of
transitionmetals likeNi at low concentrations (less than 3%), causes significant changes on electric, optical and
magnetic properties of hostmaterial (ZnS), and induce the apparition of trap levels on the gap regions. These
make thematerial have adquire ferromagnetic behaviors, important to tunemagnetic, electrical and optical
properties of laser, optical, photoluminescent or spintronic devices. Our results show that the formation energy
inNi-doped ZnS system is largely dependent on the growth conditions.
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